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Degree of freedom in superconductor: Phase and Charge 

Coherent Quantum Phase Slip 
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Coherent Quantum Phase Slip: 
Exact quantum dual to Josephson Tunneling 
   (Coulomb blockade is a “partial” dual) 

Josephson Tunneling 

 
 
 

Superconductor 

 
 
 

Superconductor 

2e 

Space 

Space 

Φ0 

Insulating  
Barrier 

50 
years 

Φ0 2e 

Nature doi:10.1038/nature 10930, 2012 
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Exact duality 

Josephson Current: Ic sinφ 
Kinetic Inductance: Φ0(2πIc cosφ)-1 

Shapiro Step: ∆V = nΦ0ν 

CQPS Voltage: Vc sin(2πq) 
Kinetic Capacitance: 2e(2π Vc cos(2πq))-1 

Shapiro Step: ∆I = n2eν 

φ = Phase across junction q = Cooper-pair transferred 
(continuous number) 

Mooij, Nazarov. Nature Physics 2, 169-172 (2006) 
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Duality to the Josephson Effect  

Josephson junction Quantum phase-slip junction 

ϕcos0JJ EE = χcos0EECQPS =
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The CQPS is completely dual to the Josephson effect 
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Phase-slip in superconducting nanowires 

V 

Thermal phase slip:  
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Finite voltage  
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Phase-slip in superconducting nanowires 

E 

Φ 

Φ0 

Coherent Quantum Phase-Slip 

∆ = ηΓcqps 
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CQPS Qubit: 
    J. E. Mooij, C. J. P. M. Harmans,  
    New Journal of Physics, 7, 219 (2005). 
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Exact dual 
 Charge Qubit 

2e 
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Superconducting qubits 
 Quantized charge: 2e: N〉, N+1〉 
 Quantized flux: Φ0: ↓〉, ↑〉 

 Charge qubit: EC >> EJ 
 Flux qubits: EJ >> Ec 

Charging energy: Ec = 4e2/C 
Josephson (tunneling) energy: EJ 
Magnetic energy: EL = Φ0

2/L 

EJ C 

EJ L 

Charge qubit 

Flux qubit 

Phase-slip energy: ES 

 Phase-slip qubit: EL >> ES 
ES L 

Phase-slip qubit 
Necessary condition: Equbit >> kT 
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Transmission at the resonator resonance 
under qubit excitation  

Transmission phase modulation 

⇔ 

f 

Resonance with the qubit  
ground state 

excited state 
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Two-level spectroscopy 

The dashed line is a fit to the energy splitting with Es/h = 4.9 GHz, Ip = 24 nA.   
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fprobe 

Spectroscopy of the system in a wide ranges 

direct (single-photon) excitation, ∆E/h = fprobe (blue dots)  
two-photon process, ∆E/h = fprobe + f4 (green dots)  
three-photon process ∆E/h = 2 fprobe + f4 (red dots)  
fprobe ≤ 35 GHz,  
The dashed line: calculated with ES = 4.9 GHz and Ip = 24 nA  
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∼ 35 nm 

Requirements: R□ > 1 kΩ, suppressed Tc  

 ALD grown TiN films, R□ ~ 3 kΩ (TU Delft, Klapwijk’s group) 
 Spattered NbN films, R□ ~ 2 kΩ (MSPU, Goltsman’s group)  

Nano-wire 

CQPS in other materials 

TiN 
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Transmission 

Spectroscopy 

20 qubits in a resonator 

NbN film qubits 
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( )ωκ−= exp0EES

NbN film qubits: width dependence 

BCS 
 
 
 

Disordered 
Superconductor 

 
 
 
 
 
 

Entire wire 
Small constriction 

 Peltonen et al, Phys. Rev. B 88, 220506(R) (2013)   
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TiN qubits 
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Switching time  
t >> RC ~ ps 

CQPS Transistor 

Josephson Electronics 
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t ~ L/R ~ ps 

IEEE/CSC SUPERCONDUCTIVITY NEWS FORUM (global edition) July 2015. 
Plenary Presentation PL1 given at ISEC 2015, Nagoya, Japan, July 6 – 9, 2015.

20



10 – 100pA with 10-7 

QUANTUM CURRENT STANDARD： Electron Pump I = ef 
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Voltage： 
Josephson Effect  

(Nobel 1973) 

Josephson 

Resistance： 
Quantized Hall Effect  

          (Nobel 1985) 

von Klitzing 

Current：    
 Coherent quantum phase slip 
 SINIS pump 
 Semiconductor pump 
 SET pump, Turnstile  
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Accuracy: 
< 3 x 10-19 
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A Brief History of Superconductivity 

1911: Supercurrent,  
         (Nobel 1913) 
 
 
 
 
 
 
1962: Josephson Effect,  
         (Nobel 1973) 

1933: Meissner Effect 
           
 
1952：Abrikosov Vortex 
           (Nobel 2003) 
  
          
 
 

Exact duality 

2012:  Coherent Quantum  
            Phase Slip (CQPS) 

1957: BCS Theory,  
   (Nobel 1972) 
            

Onnes 

Josephson 

Meissner 

Bardeen, Cooper, Schrieffer 

Abrikosov 

1999: Macroscopic  
           Quantum Coherence 
            (Josephson qubit)  
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